The resulting greater visual load has been pointed out in the literature6).
There has yet to be any published study on the effects on pupillary area of factors such as polarity or target-size.
In the present study,
we compared positive and negative CRT display conditions, varying the size of the target in the center of the screen, to determine the effect on the pupil area.
Materials and Methods
The subjects were 12 healthy female volunteers aged 20-21 years, with overall corrected visual acuity of more than 20/20 and no past history of ophthalmological diseases. The lab was windowless with fluorescent lighting arranged so as to provide constant illuminance of 170 lx on the horizontal surface and 50 lx on the vertical surface. There was little reflected glare on the screen. The test period was from 11:00am to 4:00pm. An NEC Model PC8853n color display (14") was used as the CRT. Subjects used a chin rest secured at a point from which their eyes would be 50cm away from the display. The eyes of subjects were exposed to infrared rays originating from a lamp positioned at an angle in front and passing through an infrared filter. The subjects' right eyes were photographed from the front with an infrared camera.
For the test loading, we employed the respective polarity of the positive and negative CRT displays, as subjects gazed at the target, a circle having one of two different sizes painted in the center of the display, for 10s. With reference to target size, circles 10mm in diameter and 31.6mm in diameter were used. In the case of negative polarity, a white target was made to appear suddenly on the dark background.
A dark target was presented on the white background with positive polarity.
As shown in Figure 1 , the pupillary area of the right eye of each subject was measured for every 10-second load using infrared videopupillography (Hamamatsu Photonics Inc.). The right eye was shown on a TV monitor with the pupil displayed in white; the high contrast condition made it stand out against all other portions, which were darkened. The entire pupil was observed on the display monitor, and the size (papillary area) could be measured by the number of phosphor elements. The measured area was sampled 40 times per second, entered into a personal computer as a digital signal Figure 1 Experimental layout and recorded on a floppy disk. For calibration of the pupillary area, a precise black circle with a diameter of 4.62mm was measured, and used to calculate the actual pupillary area. In order to evaluate the change of pupil size, average values of pupil areas were calculated for five seconds (between the first 5 and 10 seconds).
Results Figure 2 gives the mean plots of the data for 10 seconds in the 12 subjects under the various conditions studied. Average values of initial pupil areas were approximately 32mm2 (6.4mm in diameter) for the negative polarity display, and approximately 10mm2 (3.6mm in diameter) for the positive polarity display. The pupillary areas at the starting points of the respective loads show rapid changes because the target was displayed suddenly. The pupil areas for the negative display dilated obviously because of a low mean luminance. In the case of the positive polarity, pupil areas showed smaller changes or weaker constrictions. Figure 3 shows the results of Kruskal-Wallis and Scheffe's tests. On the negative screen with a target 31.6mm in diameter, the pupil size was significantly dilated. With negative polarity, the larger Figure 2 Changes of mean values of pupil area in 12 subjects for the various conditions the target was, the more markedly the pupil constricted. However, a target on the positive display hardly changed the pupil area.
Analysis of variance for absolute differences between initial pupil area and backward values was conducted. The values of the pupil area at 0.5 second and the average pupil area for five seconds (between the first 5 and 10 seconds) were used with the initial values in Tables 1 and 2 , respectively. A larger pupil was observed with a target 10mm in diameter on a dark background, while a smaller pupil appeared when the 10mm target was displayed against a white background. Similarly, a larger pupil was observed with the target 31.6mm in diameter on the dark background, while a smaller pupil appeared when the 31.6mm diameter target was displayed against the white background. The pupil area in the negative displays was significantly larger than in the positive displays (p<0.001).
Analysis of variance for differences between initial values of pupil area and 0.5 second values revealed that polarity, target size and interaction influenced the change in pupil area significantly. In the analysis of variance, differences between initial values of pupil area and mean values for five seconds (between the first 5 and 10 seconds) were significantly affected by polarity and target size. In this analysis, the interaction was pooled into the residual because it was not significant for the pupil change. 
Discussion
The results indicate that the factor with the greatest effects on pupillary size was target luminance. The relationship between this target luminance and pupil diameter was analyzed by Reeves7) and Crawford8). According to Reeves, when a change of light intensity by about 109 times was made, the pupil diameter was found to change from 8mm to 2mm. Crawf ord reported that, when target luminance changed approximately 106 times, the pupil diameter changed from about 5.7mm to about 2mm. Campbell9), using a synthetic pupil, varied the target luminance in order to obtain the pupil diameter allowing the maximum visual acuity. His results virtually agreed with the natural pupil diameter measurements of Reeves and Crawf ord . In the pupil reflex there is also a near reflex in addition to the aforementioned light reflex. When one looks at a target near at hand, the pupil contracts together with the convergence movement of both eyes and the ensuing accommodation. In the present experiment, the visual distance was constant at 50cm. At this distance, the convergence reflex is not taken to be definite. There is also a diurnal variation in the pupillary area. Our present experiment was run between the hours of 11:00am and 4:00pm, so this time zone was fairly stable.
There are few studies on the relationship between VDT and pupillary area. Zwahlen10) had subjects focus 96 consecutive times on 4 different locations (screen, keyboard, document, and wall) of a VDT workstation, in order to measure successive changes in pupil diameter. As a result, in young persons (aged 19-22), the pupil diameter became slightly larger, depending on the target luminance, whereas in older persons (61-66 years of age) the pupil diameter obviously grew smaller, with fewer changes recorded. The American National Standards Institute4) indicated that in workplaces with visual display terminals, illuminance in the range of 200 lx to 500 lx, measured on the work area of the work surface, was normally sufficient. But a higher illuminance (approximately 500 lx-1,000 lx) is usual in a Japanese office with VDTs. In the present experiment, we provided constant illuminance of 170 lx on the horizontal surface and 50 lx on the vertical surface. These illuminance levels were very low.
We may consider that the pupillary size in this experiment was somewhat overestimated because of the dark illuminance level when compared with the actual office environment.
The results of our study indicated that screen polarity had a marked influence on pupillary area. A difference in pupil area resulted from a difference in target size. With a positive display, the pupil invariably contracted. The white area (background) luminance was 38.0cd/m2 against a dark area (target in the center of the display) luminance of 1.2cd/m2, so it was not surprising that a light reflex occurred when focusing on a positive VDT display. But it is important to note that, irrespective of target luminance, a difference in pupillary area resulted from the total luminance of the display. Table  1 shows that the interaction between polarity and target size significantly influenced the differences between the initial values of the pupil area and 0.5 second values. From Figure 2 , it is obvious that the pupil area values for negative displays had rapid changes at around 0.5 second, whereas pupil areas for positive displays showed little change, indicating that the interaction was significant.
Moses11) performed a geometric estimate of depth of field. According to him, when actual accommodation is at 1m (1D), if the pupil diameter is 2mm the target should be distinct even at 0.94-1.06 m; on the other hand, when the pupil diameter is 4mm, unless the target is at 0.97-1.03m, it may not be seen clearly. In other words, as the pupil expands the depth of field becomes shallower, and accommodation must in fact be more rigorous. In the light of the findings of Moses, where the pupillary area increased in terms of a negative display, the depth of focus obviously becomes shallower. Hence, unless accommodation is exact, reading would presumably become impossible. Conversely, when the pupillary area contracts with a positive display, the depth of focus becomes greater, presumably making the load on accommodation much less, though this should be tested empirically.
Conclusion
Negative and positive VDT screen conditions were compared with respect to pupil area. Twelve healthy female volunteers were used as subjects. A white VDT screen with negative or positive polarity was used to gaze at the target. Two targets, 10mm in diameter, and 31.6mm in diameter were used. The pupil area was measured for every 10-second load using infrared videopupillography.
The initial values of pupil area, the values at 0.5 second and average pupil areas for five seconds (between the first 5 and 10 seconds) were calculated. The results showed that the pupil area for the negative displays was significantly larger than for the positive displays. With negative polarity, the larger the target was, the more markedly the pupil constricted. When the VDT used had positive polarity, the pupil dilated in proportion to target size. The results indicate that screen polarity has a marked influence on pupil area, and that a difference in pupil area results from a difference in target size.
